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using	 Ps	 and	 HYP	 as	 explanatory	 variables,	 we	 were	 able	 to	 accurately	 determine	
whether	a	cormorant	was	a	breeder	or	nonbreeder	in	83.5%	of	modeled	classifications.	
Our	data	indicate	that	Ps	and	HYP	concentrations	can	be	used	to	determine	breeding	
















error-	damage	 theory	 includes	 the	 cross-	linking	 theory	 (Davidovic	
et	al.,	2010;	Jin,	2010).	This	theory	suggests	that	cells	and	tissues	are	











mammal	 and	 avian	 species	 (Chaney,	 Blemings,	 Bonner,	 &	 Klandorf,	




accumulates	 at	 different	 rates	 in	 different	 species,	 and	 longer-	lived	 
species	 accumulate	 Ps	 at	 slower	 rates	 than	 shorter-	lived	 species	
(Fallon,	Cochrane,	et	al.,	 2006;	Fallon,	Radke,	et	al.,	 2006;	Sell	 et	al.,	








While	 the	 basic	 relationship	 between	 accumulation	 of	 Ps	 and	
age	and	longevity	has	been	demonstrated	(Baynes,	2001;	Dammann	
et	al.,	 2012),	 the	 nature	 and	 utility	 of	 that	 relationship	 is	 less	 cer-
tain.	 Chaney	 et	al.	 (2003)	 found	 that	 Ps	 accumulation	was	 linearly	
correlated	 to	 age	 in	 a	 variety	 of	wild	 bird	 species,	whereas	 Fallon,	
Cochrane,	et	al.	(2006),	found	a	linear	relationship	in	Double-	crested	
Cormorants	 (Phalacrocorax auritus,	 Lesson	 1831;	 hereafter	 cormo-
rant),	 and	a	nonlinear	 relationship	 in	Ruffed	Grouse	 (Bonasa umbel-
lus,	 Linnaeus	 1766).	 Furthermore,	 the	 slope	 of	 the	 regressions	 for	
each	 species	were	 different,	 with	 the	 shorter-	lived	 Ruffed	 Grouse	






















with	 Ps	 concentration	 suggesting	 that	 a	 multivariate	 measure	 of	 
association	of	these	compounds	and	age	could	improve	age	prediction	
estimates.
In	 this	 study,	we	 investigated	 the	 relationship	between	accumu-








ing	 that	breeding	would	be	an	endogenous	stress	 factor	 influencing	
Ps	concentration.	Lastly,	we	evaluated	the	predictive	capability	of	our	
models	for	determining	breeding	versus	nonbreeding	birds.
2  | MATERIALS AND METHODS
2.1 | Skin sample collection
Skin	 samples	were	 obtained	 from	 known	 age	 cormorant	 carcasses,	







were	stored	 in	water	and	 frozen	at	−12°C	until	prepared	 for	analy-
sis.	A	small	~40	mg	subsample	was	isolated	from	the	skin	tissue	and	
F IGURE  1 Nesting	Double-	crested	Cormorants	(Phalacrocorax 
auritus,	Lesson	1831).	Photograph	by	D.	T.	King,	US	Department	of	
Agriculture,	Wildlife	Services,	National	Wildlife	Research	Center





(MeOH)	 to	 remove	 the	 lipid	 fraction	 (Folch,	 Lees,	&	 Stanley,	 1957;	
Hamilton,	Hamilton,	&	Sewell,	1992).	The	solvent	was	decanted,	and	
the	remaining	samples	were	dried	under	a	mild	stream	of	N2	at	40°C	


























the	 concentration	 range	 of	 0–25	pmol/ml	 prepared	 from	 a	 primary	




Collagen	 content	 in	 the	 tissues	 was	 estimated	 by	 determining	 the	












We	 injected	 1	μl	 of	 the	 derivitized	 solution	 on	 a	 Luna	 C18	 (2)	
3	×	75	mm,	3	μ	column	and	used	a	gradient	separation	with	an	Agilent	































discussed	 above.	The	 second	 analysis	 used	 a	multivariate	 approach	
based	on	principal	component	(PCA)	scores	derived	from	the	sex,	HYP	
concentration,	and	the	Ps	concentration	determined	for	each	bird.	The	
two-	class	 PCA-	based	model	 used	 linear	 discriminant	 analysis	 (LDA)	














The	mean	 concentrations	 for	HYP	and	Ps	determined	 for	 the	 sam-






lationship	between	Ps	concentration	and	age	 is	 as	 follows:	 concen-




F3	=	4.43,	 p = .012,	 respectively).	 For	 Ps,	 there	 is	 also	 a	 significant	
relationship	with	 sex	 (F1	=	6.26,	p = .019).	 The	 equations	 describing	
the	 relationship	 between	 age	 and	 Ps	 concentration	 for	 the	 males	
and	 females	 sampled,	 respectively,	 are	 as	 follows:	 concentration	 in	
male	 sample	 (pmol/mg	collagen)	=	0.047	×	Age	 (months)	+	0.45	and,	
concentration	 in	 female	 sample	 (pmol/mg	 collagen)	=	0.046	×	Age	
(months)	+	0.38.	In	both	cases,	the	slope	is	significant	at	the	α	=	0.05	
level.	In	neither	case	was	the	intercept	significant	at	the	α	=	0.05	level.
The	multivariate	models	 for	 the	effects	of	Sex,	HYP,	Ps	and	 the	
interaction	between	HYP:Ps	are	presented	in	Table	2.	The	model	with	

















Sex Age (years) n HYP (mg/g) Ps (pmol/mg)
Male 1 4 59.4	±	18.8 0.68	±	0.18
2 4 64.3	±	23.8 1.20	±	0.26
3 4 61.6	±	23.9 2.37	±	0.23
4 3 69.5	±	23.9 2.48	±	0.37
5 4 112.0	±	24.4 2.75	±	0.78
Female 1 4 65.2	±	26.2 0.57	±	0.15
2 4 48.3	±	22.1 1.34	±	0.59
3 4 67.9	±	16.2 1.66	±	0.40
4a 2 79.9 2.30
5 3 77.4	±	28.7 2.68	±	0.37
Values	are	means	±	1	standard	deviation.
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both	 classes	with	 immature	birds	being	 classified	 as	mature	birds	
13.3%	of	 the	 time	 and	mature	 birds	 being	 classified	 as	 immature	
9.3%	 of	 the	 time.	 The	 total	 misclassification	 rate	 for	 the	 female	
birds	was	22.7%.
In	 the	 second	 analysis,	 the	 LDA	 classification	 model	 using	 the	
component	score	 for	each	bird	plotted	 in	Figure	4	and	 iterated	100	
times	 successfully	 predicted	whether	 a	 cormorant	was	 immature	 or	
mature	83.5%	of	the	time.	Only	6.0%	of	the	false	classifications	were	
for	 immature	 cormorants	 being	 classified	 as	mature.	 The	 remaining	
8.5%	of	false	misclassifications	were	for	mature	birds	being	classified	




We	 found	 significant	 relationships	 between	 both	 Ps	 and	HYP	 con-
centration	and	age,	 and	Ps	 concentration	and	 sex.	Our	 findings	 are	
consistent	 with	 the	 error	 damage	 theory	 of	 aging	 and	 the	 role	 of	
cross-	linked	proteins	as	a	possible	mechanism	for	aging.	Further,	our	
data	indicate	that	Ps	concentrations	can	be	used	to	determine	breed-
ing	 status	 of	 cormorants,	 and	 potentially	 age,	 although	 sex-	specific	
models	may	be	necessary.
As	with	Fallon,	Cochrane,	et	al.	(2006),	we	found	a	significant	and	
direct	 relationship	with	 concentration	 of	 Ps	 and	 age	 in	 cormorants.	
Also	like	Fallon,	Cochrane,	et	al.	(2006),	the	relationship	we	describe	
for	cormorants	appears	to	be	 linear	rather	than	nonlinear.	Although,	
Fallon,	 Cochrane,	 et	al.	 (2006),	 sampled	 across	 a	 greater	 range	 of	




our	 findings	 largely	 confirm	 those	of	Fallon,	Cochrane,	 et	al.	 (2006),	
and	indicate	that	Ps	increases	in	vivo	with	age	in	cormorants.	We	also	
found	that	HYP	increased	with	age,	although	at	a	different	rate	and	
with	greater	 individual	variation	 than	Ps	 (Figures	1	and	2);	however,	
unlike	Ps,	we	did	not	find	a	significant	relationship	between	HYP	and	
sex.






is	 small	 relative	 to	 parameters	 evaluated,	 particularly	 for	 some	 age	
classes.	 Regardless,	 both	 factors	 combined	 explained	 a	 significant	
Model K Adj. R2 AICc ∆AICc AICc weights
Sex	+	Ps 4 0.75 259.6 10.7 0.0026
Sex	+	HYP 4 0.18 302.5 53.6 1.27e- 12
Sex	+	HYP	+	Ps 5 0.81 251.3 2.4 0.17
Sex	+	HYP	+	Ps	+	HYP:Ps 6 0.81 253.4 4.5 0.058
HYP	+	Ps 4 0.81 248.9 0 0.55
HYP	+	Ps	+	HYP:Ps 5 0.81 250.8 1.9 0.21
HYP 3 0.20 300.2 51.3 4.0e-	12
Ps 3 0.76 257.1 8.2 0.0091
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amount	of	variation	in	age	and	improved	accuracy	of	models	predic-
tive	of	age.	These	results	demonstrate	the	feasibility	of	distinguishing	










Our	 findings	 are	 consistent	with	 and	 supported	by	 the	 under-
lying	 error	 damage	 theory	 of	 aging	 (Bjorksten,	 1968;	 Bjorksten	&	
Tenhu,	1990;	Jin,	2010).	Given	 this	 theory,	we	would	predict	 that	
Ps	would	accumulate	with	age	of	an	organism	as	demonstrated	with	
cormorants	in	this	study.	Importantly,	this	accumulation	of	Ps	cova-
ried	with	HYP	and	 combined	was	used	 to	predict	 breeding	 status	
and	 age	 of	 cormorants	with	 a	 relatively	 high	 degree	 of	 accuracy.	
However,	 because	 accumulation	 of	 Ps	 is	 affected	 by	 endogenous	


















mulation	 in	 living	 tissue	 over	 time,	 further	 investigation	 and	 refine-
ment	 of	 their	 use	 in	 aging	wildlife	 could	 provide	 a	 powerful	 tool	 in	
animal	ecology,	conservation,	and	management.
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